ABSTRACT. To investigate the molecular abnormality in the mitochondria from various tissues of an autopsied patient exhibiting mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes, we have examined the enzymatic activity, iron-sulfur cluster, and subunit composition of the NADH-ubiquinone oxidoreductase (complex I). Rotenone-sensitive NADH-cytochrome c reductase activity was found to be decreased in all the tissues examined. A detailed study of the liver mitochondria has shown that NADH-ubiquinone oxidoreductase activity was greatly diminished. Analysis of the electron paramagnetic resonance spectra of the liver submitochondrial particles revealed a disproportionate deficiency of iron-sulfur clusters in the complex I segment of the respiratory chain. Signals from the clusters N-2 and N-3 diminished more drastically than those from clusters N-lb and N-4. Immunoblotting analysis showed that the 75-kD, 51-kD, and several other subunits were markedly diminished among multiple subunit polypeptides of complex I. These findings suggest that the underlying bases for mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes are defects, at least, in the complex I subunits containing a flavin and/or iron-sulfur cluster(s), which resulted in deficiencies of some iron-sulfur clusters.
dl) with a high lactate/pyruvate ratio. Cerebrospinal fluid lactate concentration was 55.2 mg/dl (normal <15 mg/dl). Serum amino acid values were within normal limits except alanine (6.9 1 mg/dl, normal c5.0 mg/dl). Creatinine clearance was 29.3 ml/ min (normal >70 ml/min). Liver function was almost normal. Total carnitine content in plasma was 32.2 pmol/liter (normal, 67 * 11 pmol/liter, mean k SD, n = 15), and free carnitine content was 15.5 pmol/liter (normal, 52 + 10 pmol/liter, mean + SD, n = 15). A muscle biopsy showed a number of ragged-red fibers when the modified Gomori trichrome stain was used for histochemical study. On electron microscopy, these muscle cells were seen to contain an increased amount of glycogen granules and an increased number and size of abnormal mitochondria containing characteristic paracrystalline inclusion bodies. On biochemical studies of mitochondria isolated from biopsied skeletal muscle, rotenone-sensitive NADH-cytochrome c reductase activity was markedly decreased in the patient, being 14 nmol/ min/mg of mitochondrial protein (controls, 249 k 174 nmol/ min/mg of mitochondrial protein, mean + SD, n = 10). At age 14, he died suddenly. The autopsy revealed no hypertrophy of the cardiac muscle.
MATERIALS AND METHODS
Control and patient organs were obtained by autopsy after informed consent and signed permission were given. Tissues for biochemical analysis were frozen immediately and stored at -80°C.
Biochemical Studies. Preparation of mitochondria. The following procedures were carried out at 4°C. For frozen specimens, the procedure of Bookelman et al. (14) was followed. Heart, skeletal muscle, liver, and kidney were placed in a solution of ice-cold 0.25 M sucrose, 2 mM EDTA, 10 mM Tris-HC1, and 50 IU of heparin/ml, pH 7.4 (SETH medium). After being thawed, the tissues were cut into small pieces, and suspended in SETH medium (10 ml/g of wet wt). Homogenization was performed with a loose-fitting motor-driven glass-Teflon homogenizer and then with a tight-fitting homogenizer. The homogenates were centrifuged at 600 x g for 10 min. The supernants were centrifuged at 14,000 x g for 15 min, and the resulting pellets were resuspended in SET medium (SETH medium minus heparin) and centrifuged 14,000 x g for 15 min. The final pellets were suspended in SET medium. Brain mitochondria were isolated according to method I described by Lai and Clark (1 5). Enzyme assays. NADH-cytochrome c reductase activity in freeze-thawed mitochondria was measured at 30°C by monitoring the reduction of cytochrome c at 550 nm in a final vol of 1.0 ml containing 0.1 mM NADH, 17 pM cytochrorne c, 0.3 mM potassium cyanide, 50 mM phosphate buffer, pH 7.5. Rotenonesensitive NADH-cytochrome c reductase activity was calculated from the difference in rates of cytochrome c reduction in the absence and presence of 1.5 pM rotenone (16) . The activity of rotenone-sensitive NADH-cytochrome c reductase in the freezethawed mitochondria is approximately 70% of that in the sonicated mitochondria. Succinate-cytochrome c reductase was measured at 30°C by monitoring the reduction of cytochrome c at 550 nm. The assay was performed in a final vol of 1.0 ml containing 0.5 M sodium succinate, 30 mM sodium cyanide, 0.1 mM cytochrome c, 1.5 pM rotenone, 0.17 M phosphate buffer, pH 7.4 (16) . Complex IV activity was measured by the method of Cooperstein and Lazarow (17) . The oxidation of ferrocytochrome c was measured spectrophotometrically at 30°C in 1.0 ml of 30 mM phosphate buffer, pH 7.4, containing 17 pM ferrocy-tochrome c. NADH-ferricyanide reductase activity was measured at 30°C in 1.0 ml of 40 mM Tris-HC1, pH 7.5, containing 1.6 mM potassium ferricyanide and 0.15 mM NADH by monitoring the reduction of ferricyanide at 410 nm (18) . Complex I activity was measured at 30°C in 1.0 ml of 20 mM potassium phosphate buffer, pH 8.0, containing 2 mM NaN3 (neutralized), 0.1 mM coenzyme Q,, 0.225 mg/ml soybean phospholipid, and 0.15 mM NADH by monitoring the oxidation of NADH at 340 nm (19) . Rotenone was added at a final concentration of 15 pM when included in the reaction mixture. Protein in mitochondrial preparations was measured by the method of Lowry et al. (20) (23), and F,-ATPase (the FI-part of complex V) (24) were isolated from beef heart mitochondria as described.
Immunization. Antibodies against the mitochondrial enzymes were raised in rabbits by intradermal injections of 0.5-1 mg of enzyme protein in 1 ml of saline emulsified with 1 ml of Freund's complete adjuvant. Booster injections of the same mixture were administered 3, 5, and 7 wk later. Blood was withdrawn from the carotid artery 1 wk after the last injection. Electrophoresis. SDS-PAGE was camed out using 9.38-18.75% linear acrylamide-gradient gels (140 x 140 x 0.75 mm) essentially as described by Kadenbach et al. (25) .
Electroblotting. Mitochondria1 proteins separated in the gel were electrophoretically transferred to a Durapore GVHP filter (Millipore Continental Water Systems, Bedford, MA) essentially according to the method of Towbin et al. (26) with addition of 0.1% SDS to the electrode buffer. The binding of antibodies to the subunits of the mitochondrial enzymes on the filter was detected by the peroxidase-antiperoxidase method, as described previously (27, 28) . The immunoblot strips were analyzed densitometrically using a CS-930 chromatoscanner (Shimazu Corporation, Kyoto, Japan).
Immunohistochemistry. For immunohistochemical studies, muscle biopsy specimens were frozen in liquid nitrogen-cooled isopentane and cross-sectioned to a 10-pm thickness in a cryostat. Sections were incubated for 5 min at room temperature with 0.1 % Triton X-100, and washed twice with cold PBS. They were treated for 20 min with 0.03% H202 in methanol to block endogenous peroxidase activity. After being washed twice with cold PBS, the sections were overlayered with 10% normal goat serum for 20 min in a humidified chamber. Then the sections were covered with polyclonal antibodies (1:50 dilution) against complexes I, 111, IV, and V for 30 min at 37°C. The immunohistochemical staining for the complexes were performed by the avidin-biotin complex method essentially according to Sato et al. (29) .
RESULTS

Biochemical Studies. Enzyme assays.
The activities of mitochondrial enzymes, measured in mitochondrial preparation from frozen tissues, are shown in Table 1 . Rotenone-sensitive NADHcytochrome c reductase (complex 1-111) was used as an estimate of complex I activity. The enzymic activity was markedly decreased in the mitochondria from various tissues of the patient, ranging from 15% of control in the liver mitochondria to 42% in the brain mitochondria, whereas succinate-cytochrome c reductase (complex 11-111) was normal. These results indicate that the severity of deficiency in complex I activity varies from tissue to tissue. Complex IV activity was lower than the control range in all the tissues examined except for kidney. Further examination of complex I activity in liver mitochondria showed that NADH-ferricyanide reductase activity was 53% of the control value, whereas complex I activity was strikingly decreased to 1 1 % ( Table 2) .
EPR spectioscopy. Figure 1 shows the EPR spectra of ironsulfur clusters on the substrate side of the rotenone inhibition site of the respiratory chain in control and MELAS SMP. These signals have been resolved under varying EPR conditions, utilizing their different spin relaxation behavior (30) . EPR spectra are expressed in the first-derivative form of the absorption spectra. However, relative concentrations of iron-sulfur clusters in the control and MELAS SMP can be compared using the peak height or trough depth of counterpart signals as long as their spectra were recorded under the same EPR conditions. At 26"K, only EPR signals arising from the cluster N-1 b (g, = 1.92, g, = 1.93, g, = 2.025) are detected together with the iron-sulfur cluster in the mitochondrial outermembrane ( g , , , = 1.89, 1.94, 2.0 1 ) (Fig.   1A) (3 1) . The same amplitude of the g, = 1.89 signal was found in the normal control (solidline) and the MELAS patient (broken line) spectra, which indicates that no significant change occurred in the concentration of the iron-sulfur cluster in the mitochondrial outermembrane. Therefore, the cluster N-lb in the liver SMP of the normal control (solid line) and the MELAS patient (broken line) can be selectively compared by use of the g = 1.93 peak to peak amplitude, after subtracting the g, contribution from the outermembrane iron-sulfur cluster. Cluster N-1 b in the patient's SMP decreased to approximately '/2 of the control. Similarly, at 13"K, cluster N-2 can be measured by the signal (26 K ) with the negative peak at the g, value of 1.92 (Fig. lB) , which has revealed that the N-2 signal in the MELAS patient's SMP decreased to approximately l/3 of the control level. At this temperature, the overlapping EPR signal from the cluster S-3 of complex I1 obscured the g, = 2.05 signal of the cluster N-2. At 9"K, clusters N-3 (g,,,, = 1.86, 1.93, 2.04) and N-4 (g , , , , , = 1.88, 1.93, 2.1 1) are selectively observed (Fig. 1 C) C C P C C P C C P C C P C C P Migration mM dithionite and recorded at two different temperatures. Sample Fig. 4 . Densitograms of the immunoblots of complex I subunits. C, temperatures, microwave power, and other EPR conditions were the control mitochondria (120 pg protein); P, patient's mitochondria (120 same as described in Figure 1 . pg protein). The figures are the molecular masses in kD of subunits (32) .
shows the resolved EPR spectra of the iron-sulfur clusters in the complex I segment of the respiratory chain. The results of these studies indicate either that the iron-sulfur clusters in the complex I, which are reducible by NADH in the presence of rotenone, are greatly diminished or that the clusters are present in normal amounts but are not totally reducible by NADH. Figure 2 presents EPR spectra of the iron-sulfur clusters in the control and MELAS patient's SMP, which were reduced with dithionite and recorded at two different temperatures. Dithionite is a nonspecific reducing agent which chemically reduces all ironsulfur clusters of SMP. It was used to determine whether the deficiency of one or more of the clusters was due primarily to the failure of NADH to reduce them enzymatically. Figure 2A presents (solid line) EPR signals of the control SMP observed at 26"K, which elicits a spectral line shape from the N-1 b, S-I, and the outermembrane iron-sulfur cluster. In contrast, the spectrum from MELAS patient SMP (broken line) gave rise to a spectrum dominated by the cluster S-1 line shape with the g, value of 1.9 1. The g, = 1.92 signal of the cluster N-lb is not discernible. The amplitudes of the g, = 1.93 signal in the control and the MELAS patient SMP are about the same, which indicates that in the MELAS system, the content of the cluster S-1 was increased relative to the counterpart in the control system. Figure 2B shows decreased signal intensity of clusters N-2 (g = 2.05), N-3 (g, = 1.86), and N-4 (g, = 2.1 1) consistent with observations in Figure  1 C. The EPR signals at g, = 2.18 and g, = 1.88 (Fig. 2B) arising from the electron transferring flavoprotein-ubiquinone oxidoreductase indicate that this cluster was not significantly different or even somewhat enhanced in the MELAS patient than the control SMP. The combined results of the EPR studies presented in Figures 1 and 2 demonstrate that the observed deficiency of iron-sulfur clusters in the mitochondria from the MELAS patient was not a generalized deficiency of all mitochondrial iron-sulfur clusters but was limited to those of complex I. Furthermore, it is noted that four distinct iron-sulfur clusters in complex I were disproportionately decreased.
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Immunologic Studies. Immunoblotting. The electron-transfer chain is divided into four segments: complexes I, and 11, 111, and IV. Each segment is a multi-subunit enzyme; there are 25 unlike subunits in complex I, 4-5 in complex 11, 9-10 in complex 111, 7-8 in complex IV, and 12-14 in complex V (32) . Immunoblot analysis was performed in order to determine which of the subunits in each complex was affected. In Figure 3 the subunit profiles of complex I of the patient's mitochondria from various tissues are compared with those of complex I of the normal human mitochondria and beef heart mitochondria. The content of complex I subunits was markedly decreased in the patient's mitochondria from the skeletal muscle, liver, kidney, and brain, but it was not so much decreased in the heart mitochondria. The difference in immunoblot pattern among the tissues seems to be due to the difference in the contents of respiratory complex subunits among the crude mitochondrial preparations from the tissues. There were no essential differences in their electrophoretic mobility and relative amounts of the subunit polypeptides. No differences in immunoblot pattern were observed between the mitochondria from autopsied muscle tissue and those from biopsied tissue, indicating that there is no appreciable proteolytic degradation of polypeptides even in the frozen-stored autopsied tissues. The content of subunits in complex I was decreased in parallel with the activity, indicating that the decreased activity of complex I in each tissue is due to a deficiency of subunits of the complex. Severe deficiency wa? observed in the 75-kD subunit in the iron-sulfur protein fraction, the 5 1-kD subunit in the flavoprotein fraction, and some of the lower-mol wt-subunits in the hydrophobic fraction. The densitometric scan of the blots in the skeletal muscle mitochondria indicated disproportionate and severe deficiency of the 75-kD, 5 1-kD, and several lower-mol wtpolypeptides (Fig. 4) . To investigate possible abnormality in other components of the mitochondrial oxidative phosphorylation system, immunoblotting experiments were performed using antibodies against complexes 111, IV, and V. The immunochemically detectable subunits of complex IV were reduced in the mito-
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Brain muscle C C P C C P Fig. 5 . Immunoblots for complex IV subunits in mitochondria from various tissues. BHM, beef heart mitochondria ( 2 5 l g protein); C, control mitochondria (60 pg protein); P. patient's mitochondria (60 pg protein). The subunits which are markedly decreased in content in patient's mitochondria are indicated by arrowheads.
chondria from the skeletal muscle and liver (Fig. 5) , whereas decrease in the subunits was slight in the heart, kidney, and brain. Subunit 2 appeared to be most markedly decreased among the complex IV subunits in the patient's mitochondria from the skeletal muscle. In complexes 111 and V, the content of subunits was not appreciably decreased in all the tissues examined (data not shown).
Immunohistochemistry. Ragged-red fibers were prominent in the patient's skeletal muscle (Fig. 6A) . The histochemistry for complex IV activity (Fig. 6B) showed scattered, poorly stained fibers, some of which corresponded to the ragged-red fibers. The ragged-red fibers were heavily immunostained using anticomplex I antibody (Fig. 6C) and less heavily immunostained using anticomplex IV antibody (Fig. 60) . In contrast, the non-raggedred fibers in the patient's muscle were less intensely immunostained with anticomplex I antibody (Fig. 6C) than the muscle fibers from a normal individual (Fig. 6E) . These findings indicate that the immunologically detectable subunits of complex I were deficient in the patient's muscle fibers except the ragged-red fibers. Staining for complex IV activity (Fig. 6 B ) was decreased in the ragged-red fibers despite the accumulation of immunoreactive substance of complex IV (Fig. 6D) , indicating that the enzyme proteins were nonfunctional in these fibers.
DISCUSSION
In the present investigation, we have studied the molecular bases of complex I deficiency in a patient with MELAS by enzymologic (Tables 1 and 2 Electrons from NADH are first transferred to flavin mononucleotide and low potential iron-sulfur clusters (N-1, N-3, and N-4), and finally to ubiquinone via the high potential N-2 cluster in the hydrophobic fraction (32) ( Table 3 ). In the liver mitochondria of the present patient, enzymatic activity measurements demonstrated a marked decrease (1 I % of the control) in complex I in contrast with a milder decrease (53% of the control) in NADH-ferricyanide reductase activity (Table 2 ). Because the latter activity can be ascribable not only to the flavoprotein moiety of complex I (34) but also to flavoproteins in the outermembrane (16), we cannot estimate precisely the deficiency of complex I by this activity. In contrast, the former activity requires the whole structure of complex I (1 8 N-4 being less markedly decreased (each to approximately ' 12 of the control).
Immunochemical analysis (Figs. 3 and 4) further elucidated molecular basis for deficiency of enzymatic activity and ironsulfur clusters. Although the assignment of specific redox centers to subunits (35) is in some cases still tentative, we can correlate the EPR data to the immunochemical data.
The flavoprotein fragment of complex I are composed of three polypeptides: the 5 1-kD polypeptide containing flavin mononucleotide and the N-3 iron-sulfur cluster, the 24-kD polypeptide containing the N-lb cluster, and the 9-kD polypeptide (35) . Although the decrease in NADH-ferricyanide reductase activity that is ascribable to this flavoprotein fragment could not be demonstrated, probably due to the presence of the flavoproteins in the outermembrane that have the same enzymic activity, we could demonstrate a concomitant reduction in the 5 1-kD polypeptide and the N-3 iron-sulfur clusters.
It is noteworthy, however, that the decreased activity was not ascribable to a deficiency of a single iron-sulfur cluster or to a defect of a single immunochemically detectable subunit but to deficiencies of multiple iron-sulfur clusters and subunits. Therefore, we speculate that disproportionateness observed in the EPR spectroscopy and Western blotting manifests impaired molecular integrity of complex I, which may also result from a defect in a subunit(s) essential for the assembly of the complex.
The immunohistochemical study on the skeletal muscle (Fig.  6 ) demonstrated that a large amount of immunoreactive substance of complex I accumulated in the ragged-red fibers. The increased number of mitochondria in the ragged-red fibers is regarded as a result of stimulated proliferation of mitochondria in response to the decreased energy supply in these cells. Because deficiency of complex I subunits is not complete but disproportionate, the increased immunoreactivity in the ragged-red fibers is ascribable to the residual subunits in defective mitochondria that proliferated in the fibers.
We observed that mild decreases in activity (Table 1) and content ( Fig. 5 ) of subunits in complex IV were associated with complex I deficiency. The mild defect in complex IV might be an epiphenomenon of complex I deficiency. Alternatively, an abnormality might cause defects in complexes I and IV simultaneously to a different extent. Combined defects in complexes I and IV have been reported in other cases (36, 37) . In our previous patient with mitochondrial myopathy (28), we observed that a mild decrease in content of complex I subunits was accompanied by a severe defect in subunit 2 of complex IV. As both complexes I and IV contain mitochondrially encoded subunits (38, 39) , the combined defects of the complexes might be due to an abnormality in the mitochondrial DNA (40, 41) . The finding that subunit 2, a mitochondrially encoded subunit, was most markedly decreased among the complex IV subunits in the patient's mitochondria supports this hypothesis. Studies on abnormalities in mitochondrial and nuclear genes using cloned mitochondrial DNA and cDNA for nuclearly encoded subunits (42, 43) will further elucidate the mechanism of defects in the electron-transfer complexes in MELAS.
